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We investigate the double spin asymmetries of pion production in semi-inclusive deep inelastic
scattering with a longitudinal polarized beam off a transversely polarized proton target. Partic-
ularly, we consider the cosφS and cos(2φh − φS) modulations, which can be interpreted by the
convolution of the twist-3 transverse momentum dependent distributions and twist-2 fragmentation
functions. Three different origins are taken into account simultaneously for each asymmetry: the
gTD1 term, the eTH
⊥
1 term, and the e
⊥
TH
⊥
1 term in the cos φS asymmetry; and the g
⊥
TD1 term, the
eTH
⊥
1 term, and the e
⊥
TH
⊥
1 term in the cos(2φh − φS) asymmetry. We calculate the four twist-3
distributions gT (x,k
2
T ), g
⊥
T (x,k
2
T ), eT (x,k
2
T ), and e
⊥
T (x,k
2
T ) in a spectator-diquark model including
vector diquarks. Then we predict the two corresponding asymmetries for charged and neutral pions
at the kinematics of HERMES, JLab, and COMPASS for the first time. The numerical estimates
indicate that the two different angular-dependence asymmetries are sizable by several percent at
HERMES and JLab, and the cos φS asymmetry has a strong dependence on the Bjorken x. Our
predictions also show that the dominant contribution to the cosφS asymmetry comes from the gTD1
term, while the g⊥TD1 term gives the main contribution to the cos(2φh − φS) asymmetry; the other
two T -odd terms almost give negligible contributions. In particular, the cos(2φh − φS) asymmetry
provides a unique opportunity to probe the distribution g⊥T .
PACS numbers: 12.39.-x, 13.60.-r, 13.88.+e
I. INTRODUCTION
In the last two decades, azimuthal asymmetries in
spin-polarized semi-inclusive deeply inelastic scattering
(SIDIS) in the small transverse momentum region have
been explored extensively by experimental and theoret-
ical studies (for reviews, see [1–4]). Of particular in-
terest are the Sivers asymmetry [5–7] and the Collins
asymmetry [8], which have been measured by the HER-
MES Collaboration [9, 10], the COMPASS Collabora-
tion [11–16] and the Jefferson Lab (JLab) Hall A Col-
laboration [17, 18]. These asymmetries provide great
opportunities to access novel distributions of unpolar-
ized quark/hadron inside a transversely polarized nu-
cleon/quark, and therefore they are crucial for the un-
derstanding of the transverse spin and momentum struc-
ture of nucleon. Recently, further asymmetries beyond
the Sivers and Collins asymmetries also receive grow-
ing attention, such as the sin(3φh − φS) asymmetry [19]
that involves the pretzelosity distribution h1T (x,k
2
T ) [20–
22], and the cos(φh − φS) double spin asymmetry [23]
contributed by g1T (x,k
2
T ) [24–26]. These are leading-
twist asymmetries. On the other hand, measurements
of several single spin asymmetries (SSAs) appearing at
subleading-twist level, i.e., the longitudinally beam spin
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asymmetry Asin φhLU [27–30] and the longitudinal target
spin asymmetry AsinφhUL [31, 32], were also performed.
Sizable asymmetries have been observed and have pro-
vided the basis for several related theoretical studies [33–
39]. Here we should mention a recent theoretical pre-
diction [40] on the transverse SSAs at subleading twist.
These asymmetries are of vital importance, as they pro-
vide complementary information on the spin and flavor
structure of nucleon.
Encouraged by the sizable asymmetries in SSAs at
twist-3 level, in this work we will consider the case of dou-
ble polarized SIDIS, in which a longitudinally polarized
lepton beam collides on a transversely polarized nucleon
target. Except for the aforementioned cos(φh−φS) asym-
metry that appears at leading twist, theoretically there
are two other angular modulations (assuming one photon
exchange), the cosφS and the cos(2φh − φS) moments,
which may also receive nonvanishing contributions. As
shown in Ref. [41], by assuming tree-level TMD factor-
ization, each of the two double spin asymmetries (DSAs)
can be interpreted as the convolution of twist-3 trans-
verse momentum dependent (TMD) distributions and
fragmentation functions (FFs) and their twist-2 counter-
parts. Since there are less systematic studies and calcu-
lations on the cosφS and cos (2φh − φS) asymmetries in
the literature to reveal the related transverse spin struc-
ture of the nucleon at twist 3, our main purpose is to
give a phenomenological study on the feasibility of exper-
imental measurements on these transverse target DSAs
at subleading twist. Particularly, we will focus on the
2roles of twist-3 TMD distributions in DSAs by applying
the Wandzura-Wilczek approximation [42] to ignore the
contribution from interaction-dependent twist-3 FFs.
In this scenario, there are four twist-3 TMD distribu-
tions involved in the transverse target DSAs: gT (x,k
2
T ),
g⊥T (x,k
2
T ), eT (x,k
2
T ), and e
⊥
T (x,k
2
T ). Among them, gT
contributes to the cosφS asymmetry, while g
⊥
T con-
tributes to the cos (2φh − φS) asymmetry; eT and e⊥T
contribute to both asymmetries through the convolution
with the Collins FF H⊥1 . Among these distributions,
gT (x,k
2
T ), especially its integrated version gT (x) [43],
has been studied extensively in literature [44–48]. The
other T -even distribution g⊥T has been calculated in the
spectator-diquark model [45] and the bag model [49].
The T -odd and chiral-odd distribution eT was proposed
in Ref. [50], while another T -odd distribution e⊥T was in-
troduced in Ref. [51]. The two T -odd distributions can
be viewed as the analogy of the Sivers function at twist-3
level, and have been studied in Refs. [52, 53] in scalar-
diquark models. We note that sizable transverse spin
asymmetries of charged pion production related to twist-
3 dynamics are being measured at COMPASS [54, 55],
and it may be quite interesting and necessary to give
theoretical estimates for further comparisons.
The remaining content of this paper is organized as
follows. In Sec. II, we will calculate the four TMD dis-
tributions gT , g
⊥
T , eT , and e
⊥
T for the u and d valence
quarks, as it is necessary to know their magnitudes and
signs to predict the transverse target DSAs. We will ap-
ply a spectator-diquark model, which was also used in
Refs. [36, 40, 56–58]. In Sec. III, we will present our pre-
dictions on the cosφS and cos(2φh−φS) asymmetries for
charged and neutral pions in SIDIS, using the model re-
sults obtained in Sec. II. In this calculation, we consider
the experimental configurations accessible at HERMES,
JLab, and COMPASS. Although the TMD factorization
at twist-3 level has not been proved [52, 59], here we
would like to adopt a more phenomenological approach,
i.e., to use the tree-level result in Ref. [41] to perform the
estimate. Finally, we summarize this work in Sec. IV.
II. MODEL CALCULATION OF TWIST-3 TMD
DISTRIBUTIONS
In this section, we calculate the twist-3 TMD distri-
butions gT (x,k
2
T ), g
⊥
T (x,k
2
T ), eT (x,k
2
T ), and e
⊥
T (x,k
2
T )
within the framework of spectator-diquark model. To
obtain the TMD distribution for the u and d quarks, we
need to consider the contributions from both the scalar
diquarks and vector diquarks. For the former one, we will
apply the scalar-diquark model which has been widely
used to calculate the TMD distributions [7, 52, 53, 60–
62]. To include the contribution from the vector di-
quarks, we will use the approach developed in Ref. [56],
that is, to adopt the light-cone polarization sum for the
vector diquark and use a general relation between quark
flavors and diquark types.
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FIG. 1: Cut diagrams for the spectator model calculation at
tree level (upper) and one-loop level (lower). The dashed lines
denote the spectator diquarks, which can be scalar diquarks
or axial-vector diquarks.
We start from the expression of the gauge-invariant
quark-quark correlator,
Φ(x,kT ) =
∫
dξ−d2ξT
(2π)3
eik·ξ〈PS|ψ¯j(0)L[0−,∞−]
× L[0T , ξT ]L[∞−, ξ−]ψi(ξ)|PS〉 . (1)
Here L is the future pointing gauge link, corresponding
to the SIDIS process, and k and P are the momenta
of the struck quark and the target nucleon, respectively.
At the twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into
Φ(x,kT ,ST )
∣∣∣∣
twist-3
=
M
2P+
{
γαγ5
(
SαT g
′
T +
kT · ST
M2
kαT g
⊥
T
)
+ iγ5
kT · ST
M
eT − ǫ
ρσ
T kTρSTσ
M
e⊥T + · · ·
}
,
(2)
where · · · denotes the other twist-3 distributions that are
not considered in this work. For convenience, we adopt
the light-front coordinates a± = (a0 ± a3)/√2 = a · n∓
for an arbitrary four-vector a = [a+, a−,aT ], where the
two lightlike vectors are defined as n+ = [0, 1,0T ] and
n− = [1, 0,0T ].
Obviously, the four related twist-3 TMD distributions
gT , g
⊥
T , eT , and e
⊥
T can be obtained from the correlator
3Φ(x,kT ,ST ) by the following traces:
1
2
Tr[Φγαγ5] =
M
P+
[
SαT g
′
T +
kT · ST
M2
kαT g
⊥
T
]
, (3)
1
2
Tr[Φiγ5] =
M
P+
[
kT · ST
M
eT
]
, (4)
1
2
Tr[Φ] =
M
P+
[
− ǫ
ρσ
T kTρSTσ
M
e⊥T
]
. (5)
In the trace of Eq. (3) we have applied the notation in
Refs. [44, 51]. One can obtain the expression for gT from
g′T and g
⊥
T via the combination [41]
gT (x,k
2
T ) = g
′
T (x,k
2
T ) +
k2T
2M2
g⊥T (x,k
2
T ). (6)
In the spectator models [45, 56, 63, 64], the relevant
diagrams used to calculate the correlator (1) from the
scalar diquark and the axial-vector diquark are shown in
Fig. 1. In the lowest-order expansion of the gauge link,
which means setting L = 1, we apply the upper panel of
Fig. 1 to obtain the correlators Φs
(0) and Φv
(0) that are
contributed by the scalar and the axial-vector diquarks,
respectively, as
Φ(0)s (x,kT ) ≡
N2s (1− x)3
32π3P+
[(k/+m)γ5S/(P/+M)(k/ +m)]
(k2T + L
2
s)
4
,
(7)
Φ(0)v (x,kT ) ≡
N2v (1− x)3
64π3P+
dµν(P − k)
× [(k/ +m)γ
µγ5S/(M − P/)γν(k/+m)]
(k2T + L
2
v)
4
, (8)
where Ns and Nv are the normalization constants, dµν is
the polarization sum (the propagator) of the axial-vector
diquark, and L2X (X = s or v) has the form
L2X = (1− x)Λ2X + xM2X − x(1 − x)M2, (9)
with ΛX being the cutoff parameters for the quark mo-
mentum and MX being the mass for the diquarks. In
the above calculation, we have adopted the dipolar form
factor for the nucleon-quark-diquark couplings.
For calculating the T -odd distributions eT (x,k
2
T ) and
e⊥T (x,k
2
T ), one has to consider the nontrivial effect of
the gauge link [7, 61, 65], that is, the final-state inter-
action between the struck quark and the spectator di-
quark. Here, we expand the gauge link to one-loop level,
as shown in the lower panel of Fig. 1. After some algebra,
we arrive at the expressions for the correlator contributed
by the scalar and the axial-vector diquark components in
the one-gluon exchange approximation, respectively,
Φ(1)s (x,kT ) ≡ −ieqN2s
(1 − x)2
64π3(P+)2
−iΓ+s
(k2T + L
2
s)
2
×
∫
d2qT
(2π)2
[( k/− q/ +m)γ5S/( P/+M)( k/+m)]
q2T [(kT − qT )2 + L2s]2
,
(10)
Φ(1)v (x,kT ) ≡ −ieqN2v
(1− x)2
128π3(P+)2
−iΓ+,αβ
(k2T + L
2
v)
2
×
∫
d2qT
(2π)2
dρα(P − k)dσβ(P − k + q)
× [( k/− q/ +m)γ
σγ5S/(M − P/)γρ( k/ +m)]
q2T [(kT − qT )2 + L2v]2
,
(11)
where q+ = 0, and eq is the charge for the quarks. Γ
µ
s
or Γµ,αβv stands for the vertex between the gluon and the
scalar diquark or the axial-vector diquark,
Γµs = ies(2P − 2k + q)µ, (12)
Γµ,αβv = −iev[(2P − 2k + q)µgαβ − (P − k + q)αgµβ
− (P − k)βgµα], (13)
where es/v denotes the charge of the scalar/axial-vector
diquark.
Substituting (7) into (3), we obtain the T -even distri-
butions gT and g
⊥
T from the scalar diquark component,
gsT (x,k
2
T ) =
Ns
2(1 − x)2
16π3
1
(k2T + L
2
s)
4
× [(1− x)(m +M)(m+ xM)
− (x+ m
M
)(k2T +M
2
s )
]
, (14)
g⊥sT (x,k
2
T ) =
N2s (1− x)3
8π3
M2
(k2T + L
2
s)
4
, (15)
which are consistent with the results in Ref. [45]. Simi-
larly, substituting (7) into (5) and (4), we get the T -odd
distributions eT and e
⊥
T from the scalar diquark compo-
nent,
esT (x,k
2
T ) = −
Ns
2(1− x)2
32π3
eseq
4π
1
L2s(L
2
s + k
2
T )
3
× [(1− x)(2mM +M2 + xM2)− L2s −M2s ] ,
(16)
e⊥sT (x,k
2
T ) =
Ns
2(1− x)2
32π3
eseq
4π
(1− x)2M2 − L2s −M2s
L2s(L
2
s + k
2
T )
3
.
(17)
To calculate the quark correlator contributed by the
axial-vector diquark, we choose the form for the propa-
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FIG. 2: Left panel: Model results for xguT (solid line) and xg
d
T
(dashed line) as functions of x at kT = 0.3 GeV; right panel:
model results for xguT (solid line) and xg
d
T (dashed line) as
functions of kT at x = 0.3.
gator dµν as
dµν(P − k) = − gµν + (P − k)µn−ν + (P − k)νn−µ
(P − k) · n−
− M
2
v
[(P − k) · n−]2
n−µn−ν , (18)
which is the summation over the light-cone transverse po-
larizations of the axial-vector diquark [60] and has been
applied to calculate leading-twist TMD distributions in
Ref. [56]. We note that other forms for dµν have been
chosen in Refs. [45, 63, 64]. Using the propagator (18),
we obtain the expressions for the twist-3 TMD distribu-
tions from the axial-vector diquark component,
gvT (x,k
2
T ) =
N2v (1 − x)
16π3
[
x(1 − x)− (1 + x)mM
]
k2T
(L2v + k
2
T )
4
,
(19)
g⊥vT (x,k
2
T ) =
N2v (1 − x)2
8π3
M(m+ xM)
(L2v + k
2
T )
4
, (20)
evT (x,k
2
T ) =
N2v (1 − x)
32π3L2v(L
2
v + k
2
T )
3
eveq
4π
×
[
(1− x)(m2 − xM2)− L2v + xM2v
L2v(L
2
v + k
2
T )
+
1
k2T
ln
k2T + L
2
v
L2v
]
, (21)
e⊥vT (x,k
2
T ) = −
N2v (1− x)
32π3(L2v + k
2
T )
2
eveq
4π
×
[
(1− x)(m2 + 2xmM + xM2) + L2v − xM2v
L2v(L
2
v + k
2
T )
− 1
k2T
ln
k
2
T + L
2
v
L2v
]
. (22)
To construct the distributions for the u and d valence
quarks from f s and fv, here we follow the approach used
in Ref. [56],
fu = c2sf
s + c2af
a, fd = c2a′f
a′ , (23)
which gives a general relation between the quark flavor
and the diquark type. Here a and a′ denote the vector
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FIG. 3: Similar to Fig. 2, but for the model results of xg⊥uT
(solid line) and xg⊥dT (dashed line).
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FIG. 4: Similar to Fig. 2, but for the model results of xeuT
(solid line) and xedT (dashed line).
isoscalar diquark a(ud) and the vector isovector diquark
a(uu), respectively, and cs, ca, and ca′ are the free pa-
rameters of the model and are adopted from Ref. [56].
Finally, to convert our calculation to the context of QCD
color interaction, we apply the following replacement for
the combination of the charges of the quark q and the
spectator diquark X :
eqeX
4π
→ −CFαs, (24)
and we choose the coupling constant αs ≈ 0.3.
In the left and right panels of Figs. 2, 3, 4, and 5,
we plot the x dependence (at kT = 0.3 GeV) and kT
dependence (at x = 0.3) of the four distributions gT ,
g⊥T , eT , and e
⊥
T timed with x. The solid and dashed
curves show the results for the u and d valence quarks,
respectively. We find that in the spectator model we
applied, generally the sizes of the T -even distributions g⊥T
and gT are larger than those of the T -odd distributions
e⊥T and eT . For both the x and kT dependencies, g
⊥
T
and e⊥T have the similar shapes and are positive for u
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FIG. 5: Similar to Fig. 2, but for the model results of xe⊥uT
(solid line) and xe⊥dT (dashed line).
5and d quarks. Especially, guT or e
u
T has a node in the
x-dependent and kT -dependent curves; while g
d
T and e
d
T
turn out to be negative.
III. PREDICTION ON THE TRANSVERSE
TARGET DSAS FOR CHARGED AND NEUTRAL
PIONS IN SIDIS
In this section, we will show our predictions on the
transverse target DSAs in SIDIS, and we limit our at-
tention on the asymmetries of pion production at the
subleading-twist level. The process of scattering a longi-
tudinal polarized lepton beam off a transversely polarized
target can be expressed as
l→(ℓ) + p↑(P ) → l′(ℓ′) + h(Ph) + X(PX) , (25)
where → represents the longitudinal polarization of the
lepton beam, and ↑ represents the transverse polarization
of the proton target; ℓ and ℓ′ denote the momenta of the
incoming and outgoing leptons, and P and Ph represent
the momenta of the target nucleon and the final-state
hadron. In our calculation, we adopt the reference frame
shown in Fig. 6, following the Trento convention [33].
Within this reference frame, PT and ST denote the trans-
verse momenta of the detected pion the transverse spin of
the target, and φh and φS denote their azimuthal angles
with respect to the lepton plane, respectively.
The invariant variables used to express the kinematics
of SIDIS under study are defined as
x =
Q2
2P · q , y =
P · q
P · l , z =
P · Ph
P · q , γ =
2Mx
Q
,
Q2 = −q2, s = (P + ℓ)2, W 2 = (P + q)2, (26)
where q = ℓ − ℓ′ is the four momentum of the virtual
photon, andW is the invariant mass of the hadronic final
state. The differential cross section of the process (25)
can be expressed as [41]
dσ
dxdy dφSdzdP 2Tdφh
=
α2
xyQ2
y2
2(1− ε)
(
1 +
γ2
2x
)
{FUU
+ |ST |
[√
2 ε(1− ε)
(
cosφS F
cosφS
LT
+ cos(2φh − φS)F cos (2φh−φS)LT
)]
+ · · · } . (27)
Here, FUU is the spin-averaged structure function,
and F cosφSLT and F
cos (2φh−φS)
LT are the spin-dependent
structure functions that contribute to the cosφS and
cos (2φh − φs) azimuthal asymmetries, respectively. The
ellipsis stands for the leading-twist contribution to the
cos (φh − φS) moment, which is contributed by the
g⊥1TD1 term and will not be studied in this work. The
ratio of the longitudinal and transverse photon flux ε is
defined as
ε =
1− y − γ2y2/4
1− y + y2/2 + γ2y2/4 . (28)
Ph
PT
φh
l
l′ ST φS
hadron plane
y
x
zlepton plane
FIG. 6: The kinematical configuration for the polarized SIDIS
process. The initial and scattered leptonic momenta define
the lepton plane (x − z plane), while the detected hadron
momentum together with the z axis identify the hadron pro-
duction plane.
In the parton model, the structure functions in Eq. (27)
can be expressed as the convolutions of twist-2 and twist-
3 TMD distributions and FFs (based on the tree-level
factorization from Ref. [41]). With the adopted reference
frame and the notation
C[wfD] = x
∑
q
e2q
∫
d2kT
∫
d2pT δ
2(zkT − PT + pT )
× w(kT ,pT )f q(x,k2T )Dq(z,p2T ), (29)
FUU, F
cosφS
LT , and F
cos (2φh−φS)
LT can be expressed in the
following forms [41]:
FUU = C[f1D1], (30)
F cosφSLT ≈
2M
Q
C {−xgTD1
− pT · kT
2zMMh
(
xeTH
⊥
1 + xe
⊥
TH
⊥
1
)}
, (31)
F
cos (2φh−φS)
LT ≈
2M
Q
C
{
−2(PˆT · kT )
2 − k2T
2M2
(
xg⊥TD1
)
− 2(PˆT · pT )(PˆT · kT )− pT · kT
2zMMh
× [xeTH⊥1 − xe⊥TH⊥1 ]} . (32)
Here we introduced the unit vector PˆT =
P T
|P T |
and de-
noted the mass of the final-state hadron by Mh. We also
neglected the contributions from the twist-3 FFs E˜, D˜⊥,
and G˜⊥ in Eqs. (31) and (32), by applying the Wandzura-
Wilczek approximation [42]. That is, we assume that the
contributions from the terms including a twist-3 FF with
a tilde are very small. Therefore, we restrict the scope
on the contributions only from the terms containing a
twist-3 distribution function in our calculation. With
Eqs. (30), (31), and (32), the PT -dependent DSAs A
cosφS
LT
and A
cos (2φh−φS)
LT can be given as
AcosφSLT (PT ) =
∫
dx
∫
dy
∫
dz CLT F cosφSLT∫
dx
∫
dy
∫
dz CUU FUU , (33)
6A
cos (2φh−φS)
LT (PT ) =
∫
dx
∫
dy
∫
dz CLT F cos (2φh−φS)LT∫
dx
∫
dy
∫
dz CUU FUU ,
(34)
where we have defined the kinematical factors
CUU = 1
xyQ2
y2
2(1− ε)
(
1 +
γ2
2x
)
, (35)
CLT = 1
xyQ2
y2
2(1− ε)
(
1 +
γ2
2x
)√
2ε(1− ε). (36)
The x-dependent and the z-dependent asymmetries can
be defined in a similar way. We need to point out that we
have assumed that the TMD factorization can be gener-
alized to twist-3 level to obtain Eqs. (31) and (32). How-
ever, from a theoretical point of view, one should keep in
mind that it is still not very clear if the TMD factoriza-
tion is valid when dealing with the higher-twist observ-
ables under the TMD framework [52, 59]. Nevertheless,
since there is no a better way to deal with this problem
or an alternative theoretical approach for the transverse
target DSAs in the low PT region, as a first attempt,
we would like to use the tree-level results in Ref. [41] as
a more phenomenological approach to perform the esti-
mates.
To give the numerical predictions on the transverse tar-
get DSAs at subleading twist, besides the twist-3 TMD
distributions, we also need to know the unpolarized TMD
distribution f1(x,k
2
T ), the TMD twist-2 FF D
q
1(z,p
2
T ),
and the Collins function H⊥1 (z,p
2
T ). For consistency, we
adopt the same model result [56] for f1, which is fitted
from the ZEUS [66] data set on the unpolarized distri-
bution. For the TMD FF Dq1(z,p
2
T ), we assume its pT
dependence has a Gaussian form
Dq1
(
z,p2T
)
= Dq1(z)
1
π〈p2T 〉
e−p
2
T
/〈p2
T
〉, (37)
and choose the Gaussian width for p2T as 〈p2T 〉 =
0.2 GeV2, following the result obtained in Ref. [67]. For
the integrated FF Dq1(z), we apply the leading-order set
of the DSS parametrization [68]. As for the Collins func-
tions for different pion productions, we use the following
relations:
H
⊥pi+/u
1 = H
⊥pi−/d
1 ≡ H⊥1fav, (38)
H
⊥pi+/d
1 = H
⊥pi−/u
1 ≡ H⊥1unf , (39)
H
⊥pi0/u
1 = H
⊥pi0/d
1 ≡
1
2
(
H⊥1fav +H
⊥
1unf
)
, (40)
where H⊥1fav and H
⊥
1unf are the favored and unfavored
Collins functions, for which we employ the parametriza-
tion from Ref. [69].
Finally, we also take into consideration the following
kinematical constraints [70] on the intrinsic transverse
momenta of the initial quarks throughout our numerical
calculation:{
k2T ≤ (2− x)(1 − x)Q2, for 0 < x < 1;
k2T ≤ x(1−x)(1−2x)2 Q2, for x < 0.5.
(41)
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FIG. 7: Prediction on the transverse target DSA AcosφSLT for
pi+ (upper panel), pi− (middle panel), and pi0 (lower panel)
in SIDIS at HERMES. The dashed, dotted, and dash-dotted
curves represent the asymmetries from the gTD1, eTH
⊥
1 , and
e⊥TH
⊥
1 terms, respectively. The solid curves correspond to the
total contribution.
The first constraint is obtained by requiring the energy
of the parton to be less than the energy of the parent
hadron; the second is given by the requirement that the
parton should move in the forward direction with respect
to the parent hadron.
A. HERMES
The kinematical cuts we adopt to perform numerical
calculation on the transverse target DSAs at HERMES
are as follows [9]:
0.023 < x < 0.4, 0.1 < y < 0.95, 0.2 < z < 0.7,
W 2 > 10GeV2, Q2 > 1GeV2,
0.05 < PT < 1.2GeV, 2GeV < Eh < 15GeV, (42)
where Eh is the energy of the detected pion in the target
rest frame.
In the left, central, and right panels of Fig. 7, we
present our estimates of the cosφS DSA at HERMES
for π+, π−, and π0 as functions of x, z, and PT , respec-
tively. The dashed, dotted, and dash-dotted curves are
used to distinguish the origins from the gTD1 term, the
eTH
⊥
1 term, and the e
⊥
TH
⊥
1 term for A
cosφS
LT . The solid
curves stand for the total contribution. As we can see
from Fig. 7, the predicted asymmetry is negative in the
small x and PT regions, but turns out to be positive with
increasing x and PT , showing that the asymmetry may
be observed in the higher x region. The z-dependent
asymmetry is small, which is due to the cancellation of
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FIG. 8: Similar to Fig. 7, but on the asymmetry A
cos(2φh−φS)
LT .
The dashed, dotted, and dash-dotted curves show the asym-
metries from the g⊥TD1, eTH
⊥
1 , and e
⊥
TH
⊥
1 terms, respectively.
The solid curves correspond to the total contribution.
the asymmetry at small and large x (PT ). Moreover, it
is the gTD1 term that gives the dominant contribution
to the asymmetry AcosφSLT , while the contributions from
the eTH
⊥
1 term and the e
⊥
TH
⊥
1 term are nearly consis-
tent with zero. This tendency can be found in the overall
kinematical regions and for all three pions. It may be ex-
plained by the kinematical factor pT · kT /(2zMMh) as-
sociated with the chiral-odd terms, and by the fact that
here the sizes of the T -even distribution/fragmentation
functions are larger than those of the T-odd distribu-
tion/fragmentation functions.
In Fig. 8, we plot the asymmetry A
cos(2φh−φS)
LT for π
+,
π− and π0 productions. The contributions from the
g⊥TD1 term, the eTH
⊥
1 term, and the e
⊥
TH
⊥
1 term are
denoted by the dashed, dotted, and dash-dotted curves,
respectively. We find that the asymmetries are negative,
with the sizes around 1% to 2%, and increase with in-
creasing x, z, and PT in the kinematical region of HER-
MES. Similar to the case of the cosφS asymmetry, the
main contribution to A
cos(2φh−φS)
LT for charged and neu-
tral pions is from the T -even distribution gT combined
with D1, and the contributions from the eTH
⊥
1 term
and the e⊥TH
⊥
1 term are nearly negligible, except for the
asymmetries for charged pions in the larger PT region.
B. JLab 5.5 GeV
To test the feasibility to measure the transverse-target
DSAs AcosφSLT and A
cos(2φh−φS)
LT , we also estimate these
two asymmetries at the kinematics available at JLab with
a 5.5-GeV electron beam. The following cuts are the
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FIG. 9: Prediction on the transverse target DSA AcosφSLT for
pi+ (upper panel), pi− (middle panel), and pi0 (lower panel) in
SIDIS at JLab 5.5 GeV. The dashed, dotted, and dash-dotted
curves represent the asymmetries from the gTD1, eTH
⊥
1 , and
e⊥TH
⊥
1 terms, respectively. The solid curves correspond to the
total contribution.
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FIG. 10: Similar to Fig. 9, but on the asymmetry
A
cos(2φh−φS)
LT . The dashed, dotted, and dash-dotted curves
represent the asymmetries from the g⊥TD1, eTH
⊥
1 , and e
⊥
TH
⊥
1
terms, respectively. The solid curves correspond to the total
contribution.
kinematics we adopt in the calculation [32]:
0.1 < x < 0.6, 0.4 < z < 0.7, Q2 > 1GeV2,
PT > 0.05GeV, W
2 > 4GeV2. (43)
In Figs. 9 and 10, we plot our estimates on AcosφSLT and
A
cos(2φh−φS)
LT at JLab for π
+, π−, and π0 as functions of
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FIG. 11: Predictions on the transverse target DSA AcosφSLT for
pi+ (upper panel), pi− (middle panel), and pi0 (lower panel)
in SIDIS at COMPASS. The dashed, dotted, and dash-dotted
curves represent the asymmetries from the gTD1, eTH
⊥
1 , and
e⊥TH
⊥
1 terms, respectively. The solid curves correspond to the
total contribution.
x, z, and PT , respectively. We find that the magnitude of
the asymmetry AcosφSLT in Fig. 9 as a function of x is large
at JLab, around 10%, but its z and PT dependencies are
not so obvious. Again we find that the contribution from
the gTD1 term dominates over the ones from the eTH
⊥
1
term and the e⊥TH
⊥
1 term.
As for the A
cos(2φh−φS)
LT , the results show that sizable
asymmetry for pions may be observed at JLab. In our
calculation, the origin of this asymmetry is mainly from
the g⊥TD1 term, although the eTH
⊥
1 and e
⊥
TH
⊥
1 terms
give small contributions to A
cos(2φh−φS)
LT at higher PT for
charged pion production. The asymmetries for all three
pions are negative, and the magnitudes appear more siz-
able as the kinematical variables increase.
C. COMPASS
We also make the prediction on the same asymme-
tries at COMPASS, with a muon beam of 160 GeV scat-
tered off a proton target. The results for the asymmetries
AcosφSLT and A
cos(2φh−φS)
LT are shown in Figs. 11 and 12,
respectively. The kinematical cuts we adopt in this cal-
culation are [14]
0.004 < x < 0.7, 0.1 < y < 0.9, z > 0.2,
PT > 0.1GeV, Q
2 > 1GeV2,
W > 5GeV, Eh > 1.5GeV. (44)
Similar to the case at HERMES and JLab, our theoret-
ical prediction shows that the gTD1 term dominates the
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FIG. 12: Similar to Fig. 11, but on the asymmetry
A
cos (2φh−φS)
LT . The dashed, dotted, and dash-dotted curves
represent the asymmetries from the g⊥TD1, eTH
⊥
1 , and e
⊥
TH
⊥
1
terms, respectively. The solid curves correspond to the total
contribution.
asymmetry AcosφSLT , but the size of the asymmetry is less
than 1%, which is clearly smaller than that at HERMES
and JLab. In the case of the asymmetry A
cos (2φh−φS)
LT ,
again we find that the main contribution is from the
g⊥TD1 term and the size is almost consistent with zero.
This is because the asymmetries we study appear at sub-
leading twist, at which the effects will be suppressed
by a factor of 1/Q, and the Q2 at COMPASS is larger
than those at HERMES and JLab. We note that our
results for charged pions agree with the COMPASS pre-
liminary measurements on the asymmetries AcosφSLT and
A
cos(2φh−φS)
LT for charged hadrons, within the current sta-
tistical accuracy [55].
IV. CONCLUSION
In this work, we explored the roles of the twist-3 TMD
distributions for the u and d valence quarks in the trans-
verse target DSAs at subleading twist. We calculated
the T -even twist-3 TMD distributions gT and g
⊥
T , to-
gether with the T -odd and chiral-odd twist-3 TMD dis-
tributions eT and e
⊥
T , in a spectator model with both
the scalar and axial-vector diquarks. We distinguished
the isoscalar (ud-like) and the isovector (uu-like) spec-
tators for the axial-vector diquark and considered their
differences in the calculation. To generate T -odd struc-
ture, we employed the one-gluon exchange between the
struck quark and the spectator; to obtain finite results,
we chose the dipolar form factor for the nucleon-quark-
diquark coupling. We also analyzed the flavor depen-
dence of the four twist-3 TMD distributions as functions
9of x and kT , respectively.
By employing the model results on the distributions
under the TMD framework, we predicted the transverse
target DSAs AcosφSLT and A
cos(2φh−φS)
LT for π
+, π−, and
π0 productions in SIDIS at the kinematics of HER-
MES, JLab, and COMPASS. We find that the DSA
AcosφSLT is large at the kinematics of JLab, and the DSA
A
cos(2φh−φS)
LT is sizable at JLab. These two DSAs are not
negligible at HERMES. Furthermore, the comparison be-
tween different origins of the asymmetries shows that the
T -even twist-3 TMD distributions gT and g
⊥
T play an im-
portant role in these asymmetries. Particularly, for the
cosφS asymmetry, the dominative contribution is from
the gTD1 term; for the cos(2φh − φS) asymmetry, the
main contribution is from the g⊥TD1 term. The eTH
⊥
1
and e⊥TH
⊥
1 terms almost give negligible contribution, ex-
cept for the asymmetry for π+ and π− production at
higher PT .
Based on the above discussion, we conclude that siz-
able transverse double spin asymmetries may be acces-
sible at the kinematics of HERMES and JLab, by per-
forming the SIDIS experiments with transverse polarized
nucleon target or analyzing the available data, although
the effects might not be observable at COMPASS. More-
over, the measurements on the cosφS and cos(2φh −φS)
asymmetries may be employed to obtain information of
the T -even twist-3 distributions gT and g
⊥
T , since the
contributions from eT and e
⊥
T are negligible. In partic-
ular, SIDIS provides a unique opportunity to probe g⊥T ,
since g⊥T decouples from inclusive DIS. Future compar-
isons with experimental data on these effects can pro-
vide more clear probes on the structure of the nuclear
and deepen our understanding on the roles of the twist-3
TMD distributions in transverse spin asymmetries.
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